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Silicon nitride ceramic has many advantages in high 
temperature structural applications such as high 
strength, creep resistance, and chemical stability. A 
disadvantage, however, has been its low fracture 
toughness, typically 4 to 6MPam 1/2 [1]. Whisker 
reinforcement is an alternative approach to increase 
the fracture toughness of Si3N4 ceramic, but there 
exist many problems to be solved such as whisker 
dispersion, densification, and whisker stability. Re- 
cently, a new technique called "self-reinforcement" 
or "in situ toughening" has been applied to improve 
the fracture toughness of this ceramic, with toughness 
values reported as high as 8 to 14 MPam d2 using 
gas-pressure-sintering (GPS) or hot-pressing (HP) 
method in different additive systems [2-6]. 
The morphology and size distribution of fi-Si3N4 
grains depend largely on the raw a-Si3N4 powder 
characteristic, the glass-phase cont nt and chemistry, 
and processing conditions. Although the transforma- 
tion of a- to/5-phase is a well known phenomenon, 
the formation of fi-Si3N4 grains with a specific size 
(aspect-ratio, diameter, etc.)and size distribution is 
not an easily controlled process. The purpose of this 
work, by adding equimolar Y_~O3 and La203 as 
additives, is to obtain high-fracture toughness Si3N4 
ceramic with in situ composite structure. 
~z-Si3N4 powders (a > 95%, 1.5 wt % O, Shanghai 
Institute of Materials) were attrition milled with 
15 mol% Y203 and La203 (99.99% pure, Yuelong 
Chemical Co., Shanghai) in ethanol using Si3N4 
balls for 24 h. Slurries were dried at -85 °C on a hot 
plate with magnetic stirring to prevent any sedimen- 
tation of heavier particlesl then the mixed powder 
was passed through 45- and 70-mesh sieves. The 
dense Si3N4 of 60 mm diameter and 6 mm thickness 
was produced by hot-pressing at 1750-1820 °C for 
60 min in high purity N2 with a pressure of 0. I MPa. 
An axial pressure of 30 MPa was initially applied at 
1600 °C, held until the maximum temperature, and 
then slowly released at about 1400 °C during cool 
down. To demonstrate he effect of heating rate on 
nucleation and grain growth, three different heating 
processes were performed, which involved (1) 
hefiting to 1800°C at a rate o f -30°Cmin  -I, (2) 
heating to 1600°C and holding for l h then to 
1800 °C at a rate of -20 °Cmin -I and (3) heating to 
1800 °C at a rate o f -10  °C min -I. Specimens for 
fracture toughness tests were cut and ground to 
26 mmx 2.5 mm x 5 mm of which the single edge 
notch depth is 2.5 ram, the Klc values were meas- 
ured using the (single-edge-notched-beam (SENB) 
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method [7] with 20 mm span at a crosshead speed of 
0.05mmmin -l. The density of dense Si3N4 was 
determined by water immersion. Phase identification 
in the ceramics was examined by X-ray diffraction 
analysis. Specimens were polished and etched for 
microstructure observation using scanning electron 
microscopy, (SEM). Etching was carried out by 
immersing the specimens into molten NaOH in an 
Mo crucible at about 600 °C for 5-10 rain. 
The density of sintered Si3N4 is greater than 
98.l% of the theoretical value in all experimental 
conditions. XRD analysis showed that all the cz- 
phase transformed into fl-Si3N4 at the process 
condition of 1750-1820 °C and 60 min. 
Fig. 1 shows the development of microstructure 
for in situ toughened Si3N4 at different heating rates. 
When the heating rate is greater than 30 °Cmin-~, 
the temperature distribution of the sample is not 
uniform, and the growth speed of each fi-Si3N4 grain 
is very different, hence there are considerable 
differences in grain size and some coarse grains 
(diameter >2 Fm) and fine grains (Fig. l a). In this 
case, the large /~-Si3N4 grains have a deleterious 
effect on fracture toughness, the Kic value is only 
8.4MPamd2. When the sintering temperature in- 
creased to 1600°C and was held for 1 h, the 
temperature distribution of the sample was consid- 
erably improved. When the sintering temperature 
was increased to 1800°C, at a heating rate of 
20 °Cmin -1 all the fi-Si3N4 grains have almost the 
same growth speed, the rodlike fi-Si3N4 grains in the 
microstructure have a narrow size distribution, the 
average aspect ratio is about 5, as shown in Fig. lb. 
The experimental results show the fracture toughness 
has increased to about 11.02 MPam d2. However, 
when the heating rate is about -10°Cmin -1, the 
densification has finished before the a- to fi-phase 
transformation, the temperature distribution of the 
sample is more uniform than that of Fig. la and b. 
An appropriate grain size and homogeneous micro- 
structure have been obtained when the aspect ratio 
of fi-Si3N4 grains is about 7.5 and the diameters of 
all the grains are greater than 1/ml, as shown in 
Fig. i c. Hence, this material has an excellent 
fracture toughness. At room temperature, its K/c 
value reaches 12.50 MPam )/2. 
It is reported [8] that the fracture toughness (Kit) 
increases with increasing aspect ratio of fi-Si3N4 
grains. Fig. 2 illustrates the relationship between K/c. 
and the aspect ratio of fi-Si3N4 grains. The Kit" 
increases rapidly when the aspect ratio offi-Si3N4 is 
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Figure ] SEM micrographs of microstructure of in situ toughened 
Si3N4 at heating rates of (a) >30 °C min -I , (b) at 1600 °C holding 1 h 
then ~20 °C min -I, and (c) ~ 10 °C min-I. 
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Figure 2 Fracture toughness of in situ toughened Si3N4 as a function 
of the aspect ratio. 
increased up to 5. Further increase in aspect ratio 
results in a slower increase of K/c, as the diameter 
has a significant effect. The diameter of the rodlike 
fi-Si3N4 grains is too small to produce crack 
deflection, and the unusual grain growth (diameter 
larger than 2 ffm) will result in concentrated stress, 
hence the rodlike fi-Si3N4 grains which are too small 
or too large will decrease the fracture toughness. 
Therefore, the critical diameter of grains is expected 
to be around 1 um 
In the Si3N4-Y203-La203 system, the liquid 
formation temperature is below 1550 °C because of 
impurities such as SiO2 on the surface of the Si3N4 
powders [9]. The more additives there are, the more 
the glassy phase exists at grain boundaries. The 
glassy phase has important influences on ot only 
grain growth but also mechanical properties. Fig. 3 
shows the variation of the K/c as a function of the 
measured temperature. The experimental results 
demonstrate hat the fracture toughness considerably 
increases with the temperature goin up. At 1330 °C, 
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Figm'e 3 The variation of Kic' with measured temperature. 
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the Kic value reach 22-24 MPa.m~', it is tar higher 
than that of SiC whisker reinforced SisN4 compo- 
sites [10]. High-temperature fracture toughness 
mainly depends on the softened glass-phase curing 
pores and blunting cracks, as well as bridging of 
large rod like fi-Si3N 4 grains. 
In Si3N4 ceramic fabricated by the in situ 
toughening technique, fracture toughness has been 
reported to increase proportionally to the square root 
of the diameter of the large grains, indicating that 
the bridging of large grains contributes to toughen- 
ing [11]. In this experiment, he crack propagation 
path is identified by microstructure analysis. Fig. 4 
shows crack deflection in rodlike fi-Si3N4 grains. 
Since the elongated rodlike fi-Si3N4 grains disperse 
randomly in all directions, the fracture toughness can 
be considerably improved because of a long crack 
running-path. In the present work, high fracture 
toughness was obtained when the aspect ratio is 
about 7.5 and the grain diameter was 1 ,um. In 
addition, the phenomena of pullout of rodlike /3- 
Si3N4 (shown in Fig. 5) and crack branching are 
clearly observed when the/3-Si3N4 grain size is large 
enough, this is easily achieved by controlling the 
growth of the rodlike f l -S i3N 4 crystal. 
In summary, it was seen that in situ toughened 
Si?N4 with Y2Os-La203 additives have a rodlike 
structure. The heating rate has an important effect on 
the microstructure. At a heating rate of 
~10 °Cmin -1, this material with a narrow grain 
size distribution and a homogeneous microstructure 
has a high fracture toughness. The fracture toughness 
Figure 5 SEM micrograph of rodlike fl-Si3N4 grain pullout from 
matrix. 
increases with increasing measured temperature 
which is mainly due to the softened glassy phase 
playing an important role in curing pores and 
blunting cracks. Crack deflection, pullout of large 
rodlike fi-Si3N4 grains and crack branching con- 
tribute to toughening and increase the fracture 
toughness. 
References 
1. F. F. LANGE, 3 Am. Cerctm. Soc. 62 (1979) 428. 
2. E. TANI, S. UMEBAYASHI, K. KISHI, K. KOBAYA- 
SHI and M. NISHtJ IMA, Am. Ceram. Soc. Bull. 65 (I986) 
1311. 
3. C-W. LI and J. YAMANIS, Ceram. Eng~ Sci. Proc. 10 
(I989) 632. 
4. T. KAWASHIMA. H. OKAMOTO, H. YAMAMOTO and 
A. KITAMURA, 3 Ceram. Soc. Jpn. 99 (1991) 320. 
5. A . J .  PYZIK. D. B. SCHWARZ, W. J. DUBENSKY and 
D. R. BEAMAN, U. S. Patent 4919689, (1990). 
6. A . J .  PYZIK and D. R. BEAMAN, ,f ,4m. Ceram. Soc. 76 
(1993) 2737. 
7. N. CLAUSSEN, R. PABST and C. P LAHMANN, Proc. 
BI: Ceram. Soc. 25 (1975) 139. 
8. R. W. DAVIDGE, Composites 18 (1987) 92. 
9. E. M. LEVIN, C. R. ROBBINS and H. F. MURDIE, 
"Phase Diagrams for Ceramists', (The American Ceramic 
Society Inc. 1969 Supplement) Fig. 4419. 
10. S. Y. BULTAN, J. G. BALDONI and M. L. HUCK- 
ABEE, Am. Ceram. Soc. Bull. 66 (1987) 347. 
II. M. MITOMO and S. UENOSONO, .J ,4/n. Ceram. Soc. 75 
(1992) 103. 
Figure 4 SEM micrograph of crack deflection in rodlikc fi-Si3N4 
grains. 
Received 25 September 1996 
and accepted 11 March 1997 
1218 
